The goal of this study was to determine stress distribution in ankle joint by correlating with the strain distribution and its trend around tibia adjacent to the joint. Using an in-house device, an ankle from a cadaver was kept stable and loaded in various positions: neutral, dorsiflexion, plantar flexion, inversion and eversion. A total of six strain gauges were mounted around the shaft of the tibia, near the tibiotalar joint. This arrangement allowed us to measure deformations in the shaft of tibia. Patient-specific ankle joint geometry was generated from computed tomography data. The finite element model (FEM) of the ankle was validated using the experimental data logged by the strain gauges, and used for obtaining stress on the joint surface. A strong correlation was observed between the FEM and experimentally measured strains in magnitude (R = 0.94, P = 0.008), consequently stress distribution over the joint surface was obtained.
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Introduction
The ankle is a complex joint in human body. It includes the tibia, fibula, and talus in a mortise-like joint compartment. Multiple bones, each with unique interactions, associate in a specific manner to make movement of the hind foot. The articular cartilage layer and synovial fluid, which are surrounded by the joint capsule, have important role under impact loading and in high stress conditions (Greene et al., 2008; Caligaris and Ateshian, 2008; Ateshian, 2009) . The joint capsule and ligaments provide stability to the joint. Determination of contact area between these ankle joint components as a function of loading, ankle position, and stability, is crucial for understanding the pathogenesis of ankle disorders, such as degenerative arthrosis amongst other ankle abnormalities (Hideji et al., 1998) . In order to measure contact pressures, most studies used pressure-sensitive film, or pressure transducers mounted at or below the joint surface (Beaudoin et al., 1991; Anderson et al., 2007; Michael et al., 2008) . In some studies, finite element method was used and validated by comparing the computed pressure distribution with those derived by various experimental methods (Anderson et al., 2007) . Magnetic resonance imaging (MRI) and CT data, which are used for generating finite element modes (FEMs), can facilitate pre-operative planning in many surgeries (Arbabi et al., 2007; Gilles et al., 2006; Ringleb et al., 2005) .
Despite the current use of FEM for simulation of joints, such as hip and knee, its use has been less frequent for the study of multi-bone joints, such as the ankle or wrist. Multi-bone joints pose the problem of involving complex boundary conditions and constraints, hence making it difficult to be resolved by FEMs. Consequently, almost all studies involving these complex joints have been based on experimental methods by applying uni-axial compressive loads, and employing pressure sensitive films for recording the data, to evaluate stress distributions from the joint surface of cadavers (Gíslason et al., 2010; Von Eisenhart-Rothe et al., 1997) . In recent years, reverse dynamics formulations have been used to calculate joint reaction forces (Alkjaer et al., 2001; Brand et al., 1994) . Even though forces and ranges of motion at the ankle joint can be determined using various biomechanical methods, a comprehensive solution for determining the stress distribution within this joint has not been proposed yet. In most studies, which consist of pressure sensitive films or pressure transducers mounted at or below the joint (Anderson et al., 2007; McKinley et al., 2006) , inherent limitations exist in these techniques, for example, crinkling artefacts caused by using the pressure sensitive film between curved joint surfaces (Hideji et al., 1998) . Periarticular soft tissue dissection is also required for putting the film and transducers, which may alter the stability of the joint and soft tissue envelope (Anderson et al., 2007; Macirowski et al., 1994; Tochigi et al., 2006) . Synovial fluid leakage in the joint region during the loading cycle may also occur, and it is known that pressure transducers only provide information for a limited region of the joint (Hideji et al., 1998; Anderson et al., 2007; McKinley et al., 2006) . McKinley and co-workers used an experimental approach to measure transient contact stresses in human cadaveric ankles during quasi-physiologic motion. In this study loading was used to determine how step-off incongruities of the distal tibia affected contact stresses and contact stress gradients in the joint (McKinley et al., 2006) . Inherent complexity of the ankle joint makes it difficult to validate FEMs (Gíslason et al., 2010) . Goreham-Voss and co-workers (2007) investigated stress distribution over the articular surface of ankle joint using FEM, in which they validated their FE model with experimental data. Based on mechanical testing of long bones through mounting strain gauges on the cortical layer and measuring the strains, the linear bending theory is verified for tibia (Cordey and Gautier, 1999) . It is known that under eccentric axial loading, the linear bending theory applies very well in long bones like tibia (Cordey and Gautier, 1999) . In this case, an eccentric axial load can be considered equivalent as a load on the neutral axis, plus a pure bending moment. Therefore, position of the joint and its displacement determines the eccentricity and bending moment, so the bending strain may cause tension in one part (e.g., anterior side), and compression in the opposite part of the bone (Gilles et al., 2006; Cordey and Gautier, 1999; Yang et al., 2011) . Therefore, due to complex geometry and contact between joints in ankle, combination of minimally invasive experimental and reliable computational methods is necessary to evaluate the contact pressure at the joint surface.
The main target of this study was to demonstrate a new low-invasive method for investigating tibiotalar joint contact features, such as contact surface status after loading and stress distribution on the joint surface. In order to do so, strain gauges data were employed to validate our FEM. The purpose was also to obtain strain distribution around the tibia adjacent to the ankle joint in different ankle positions, and to assess the path of load transmission through the joint.
Methods
A 3D FEM was made using CT data and validated by comparing the trends of strains collected by the strain gauges just in the neutral position of the foot. It should be noted that for all other positions of the foot, strain gauges data were collected. Figure 1 shows the work flow of this research, from experimental trial stain gauges to obtain stress distribution on the ankle joint surface using FEM.
Experimental method
A cadaver ankle, from a 46 year old male without joint disease, was used for mounting strain gauges. Unfreezing of the specimen from -80°C to -20°C took place within 24 hours, followed to room temperature in about 18 hours (Söderdahl et al., 1998) . Soft tissues were carefully removed by an orthopaedic surgeon in order to keep intact the joint compartment and ligaments. Also, the periosteal layer was carefully removed and the mounting surface was dried out and prepared for attaching the strain gauges (see Figure 2 ). In order to have a strong attachment between bone and strain gauges, the oily layer under the periosteum was carefully removed using acetone. Since the fibula is not a crucial weight bearing component in the ankle [about 7% of the total force is transmitted through the fibula (Goh et al., 1992) ], the tibiofibular joint was excluded from the loading procedure. This is done for increasing the accuracy of the results. Notes: The periosteal layer was removed, and superficial contaminations were carefully eliminated by a powerful solvent.
Six strain gauge sensors (three axes TML, Tokyo Sokki Kenkyujo Co. Ltd. rosette strain gauge) were carefully mounted on the sub-layer of the periosteum of the tibia, on the intact cadaver foot. The strain gauges were arranged as follows: two on the anterior, two on the posterior, one on the medial, and one on the lateral side of the tibia (see Figures 2 and 3). Positions of the sensors were selected according to anatomical landmarks on the distal side of the tibia, the nearest place on the top of the joint capsule. The opposite strain gauges were placed at the same height on the anterior and posterior, as well as on the medial and lateral sides of the tibia. Also, for all sensors, the first axis, which is specified on the sensors, was placed along the tibia's longitudinal axis (see Figure 3) . The top surface of the tibia, wherein load was applied, was carefully flattened and prepared for axial load exertion. In order to be able to simulate various anatomical positions, the ankle joint was mounted on a specific fixture designed and manufactured for this study (Figure 4 ). This device allowed us to move the joint in various anatomical positions with two degrees of freedom, i.e. flexion (30°)/extension (20°), and inversion (15°)/eversion (15°) (Figure 4 ). In order to precisely adjust the loading position, the device was equipped with a guide, in medial/lateral, or anterior/posterior directions. The external load was applied from the bottom of the foot, and increased from zero to 1,000 N in about 70 seconds, and then decreased gradually to 0N with the same rate. Five different positions were carried out as follows: neutral position (0°), plantar flexion (30°), dorsi flexion (20°), inversion (15°), and eversion (15°). Strain gauges data were collected during the specified time intervals simultaneously from all axes, and then compared between various joint angles. The fasten belts ( Figure 4 ) were used to adjust the axis of loading (upward) with respect to the axis of support, and keep the underfoot surface immovable and flat during the load exertion. TML, TDS 602 strain data logger was used, according to manufacturer instructions, to collect the strain data from six sensors mounted on the distal region of the tibia. According to previous studies, ground reaction forces to the ankle joint during daily activities are about the same as body weight (BW) to 1.5 times of BW (Michael et al., 2008) . Therefore, a maximum of 1,000 N was exerted on the tibia, which was sufficient to obtain data from the strain gauges, and was also safe enough to prevent bone damage. After each loading phase, unloading data were recorded subsequently for comparing their patterns to make sure that the tests are reliable.
Computational model
In order to generate a 3D model of the ankle, CT data were segmented in MIMICS 10.01 (The Materialise Inc.). Each area, which was automatically selected by the software, was then modified manually, in order to maintain accurate borders and minimise the negative effects related to software threshold and sensitivity in the bony tissue selection procedure (Schileo et al., 2007) . The resolution of 0.6 mm slices from the SIEMENS™ CT scanning device was thin enough to generate reliable and smooth surfaces for the 3D reconstruction procedure (Bagci et al., 2012) . After 3D reconstruction, the bones surface should be made smooth, since smoothing operations usually result in loss of some useful information, the optimum level of smoothing is important in order to keep surface details as much as possible. In this study, smoothing was performed on the mask to remove the noise without changing the voxel size, or number of voxels. The minimum iteration was selected for smoothing by a trial and error method. Six bones (tibia, fibula, talus, calcaneus, navicular, and cuboid) were generated separately as 3D shells in MIMICS, and then exported to commercially available software CATIA V19 (Dassault Systems). Using CATIA uneven surfaces that have been generated from bad segmentation were removed to smooth the noisy surfaces. The solid bodies resulting from CATIA were then exported for each bone specimen. Articular cartilage was modeled as a non-uniform layer extruded part in the joint space between tibia and talus (Schmitt et al., 2001) . FE modelling was performed using a commercially available code, ANSYS WORKBENCH V.13 (ANSYS, PA, USA). All six modelled bones were imported into the Design Modeler module of ANSYS WORKBENCH with an IGS file format, and assembled into an integrated joint, corresponding to CT images arrangement. In the computational model, bones keep their relations on the neutral position of the foot, the same as its situation at imaging time. Each bone was defined as a flexible body in the software (Anderson et al., 2010) . In this study, quasi-physiologic loading parameters including periodic loading, as well as time-dependent and viscoelastic properties have not been considered (Anderson et al., 2007; Chegini et al., 2009) . In order to achieve more accurate results from the FEM, the tibia was considered as a hollow shaft with non-uniform thickness, and, for the sake of simplicity, cancellous bone was removed from the CT images. Tibia was modelled as a cortical bone with orthotropic linear elastic material properties (Table 1 ). All other bones were assumed to behave as linear elastic and isotropic materials (Elastic modulus = 7300 MPa and Poisson's ratio = 0.3) (Asgari et al., 2004; Speirs et al., 2007; Taylor et al., 2002; Ionescu et al., 2003; Ng et al., 2012) . Articular cartilage was also considered as a linear elastic and isotropic material (elastic modulus = 12 MPa, Poisson's ratio = 0.42) (Anderson et al., 2007; Hsu et al., 2008) . In order to model contact surface of the joints, all the joints were constrained as bonded contact regions in the software. Notes: 3D SOLID187 elements in ANSYS were used for the purpose of mesh generation of all bone parts. Nonlinear spring elements, COMBIN39, were used for modeling the ligaments surrounding the joint. Ligaments were considered as tension spring, which carry no compressive load.
3D solid187 elements were used for meshing the model ( Figure 5 ). The size of the mesh was considered to be a minimum of 1 mm and maximum of 3 mm in order to cover all curvatures. TARGET170 and CONTACT174 elements in ANSYS were used for meshing target and contact surfaces, respectively. According to the literature, force transmission at the distal tibia is dominantly passed through the circumference of the bone, i.e., on the cortical rim of distal tibia (Hintermann, 2004) . In other words, there is almost no force transmission through the centre of distal tibia (Hintermann, 2004) (Figures 6 and 7) . A total of 14 ligaments were placed surrounding the ankle joint (List, 2009) , and in order to avoid stress concentration effect, each ligament was modelled by three springs. Nonlinear spring elements (COMBIN39 in ANSYS) were used for modeling ligaments around the joint. In the computational model, element properties of the ligaments defined as tensiononly, where the spring stiffness was considered to be 50 N/mm (Anderson et al., 2005) . Spatial arrangements of the ligaments were applied according to their anatomical positions ( Figure 5 ) (Hintermann, 2004) . In this study, for the sake of simplicity, muscle and tendons were excluded. Therefore, the reaction forces are purely transferred via joint surfaces (Anderson et al., 2008) . Using the theory of three axes strain gauges, the magnitudes of principal strains were calculated. The maximum and minimum strains can be calculated by solving equations (1) and (2) (Young and Budynas, 2002) .
where ε 1 , ε 2 , ε 3 are three strain values which were recorded from three axes of rosette strain gauges, respectively. Von Mises criterion [equation (3)] was established in order to compare the strains calculated in our FE model with experimental data from the strain gauges given by the following relationship (Completo et al., 2007) Experimental results for medial and lateral strain gauges are shown in Figure 8 . In this figure, only strains along the main axis of the strain gauge (the axis parallel with the longitudinal axis of tibia) are shown. The data shown in this figure demonstrate measured strains during loading and unloading. As it was expected, based on the linear elastic behaviour of the cortical bone, the trend of both loading and unloading are similar (Cordey and Gautier, 1999) . Thus, this acceptable behaviour can be deemed as a logical generalisation to all other strain gauges. As it can be seen in this figure, the load was just compressive due to negative strains registered in experiment. Von Mises strains can be seen in Table 2 for both of experimental data [calculated by equation (3)] and finite element in neutral position of the foot. In this table, total strain for each location of the gauges was considered by the differences between the maximum (when external load is 1,000 N) and minimum strain under loading. The differences between strain values in the opposite sides of the distal tibia, i.e., lateral versus medial, and anterior versus posterior cause the bending moment in the bone whereby, the stress distribution at the contact surface would be changed consequences to loading conditions. Figure 9 shows the strains around the tibia which were recorded by the strain gauges and demonstrate the same trend compare to the FE model strain values. Considering previous in vivo and in vitro studies on tibia strains under same loading conditions, the results are in a fair range at the same place of the gauges (Yang et al., 2011; Completo et al., 2007) . Notes: The three elements of strain gauges: ε 1 (1st axis of the strain gauge), ε 2 (2nd axis, perpendicular to the 1st axis), ε 3 (3rd axis, makes an angle of 45° with respect to the 1st or 2nd axis). The principal and von Mises strains were calculated using equations (1) to (3). The stress distribution at the contact surface of distal end of the tibia, which was computed by the FEM can be seen in Figure 10 . This figure shows that stress is concentrated in anterior, and anterolateral regions of the joint. As it can be seen in Figure 10 , most of the joint surface experiences a stress of less than 2 MPa and the maximum stress occurs in antrolateral side (about 3. 9 MPa). 
Discussion and conclusions
Through direct comparison between experiment and strains calculated by the FEM, the computational model was verified, with the ultimate goal of investigating low-invasively the stress distribution on tibiotalar joint surface. In this study, first by mounting strain gauges around the tibia, strain distribution under axial load was obtained in different positions of the foot (see the appendix). The data shown in Figure 8 indicate that the attachment of the strain gauges was properly done, and correct data were logged because of the similarity in trend of loading and unloading data (Cordey and Gautier, 1999; Yang et al., 2011) . The data collected by strain gauges can help understand how load transmission was done throughout the ankle in different positions of the foot. In the second phase, for evaluating the stress distribution pattern on the tibiotalar joint surface, a FEM was developed and validated using the data collected in the first step of the research. A strong correlation between the FE analysis and strain gauges data confirmed the validity of our FE model (R = 0.94). This validation paved the way for calculation of the contact stress distributions across the articular surface of the ankle joint using the validated FEMs. The stress distribution on the joint surface, Figure 10 , well agreed with some prior studies, such as Anderson et al. (2007) (maximum contact stress about 4 MPa in antrolateral of the ankle joint surface), Michael et al. (2008), and Tochigi et al. (2006) , in which they used pressure transducers at the ankle joint to investigates the joint surface stress distribution. The contact surface involved in load transferring resulted from this study also is in agreement with a study in which magnetic tracking system was employed to investigate the ankle joint contact surface (Hideji et al., 1998) .
Strain gauge data (Figure 9 ) indicate that the ankle joint can be considered as an integration of several discrete surfaces, in agreement with Hideji et al.'s (1998) findings. Considerable variation in the stress distributions and contact areas of the joint will be resulted by altering the boundary conditions, and/or ankle position in the FEM, similar to the recorded strains in experiment while changing joint position (Figure 11 ). This finding implies that the contact area is sensitive to any instability of the joint. Any factors that alter the contact areas can cause considerable variations in the results of load transferring, and consequently in stress distribution on contact area. In a study by Calhoun and co-workers, a reduction in contact area has been shown for an ankle in inversion, eversion, and plantar flexion, whereas they report an increase in contact area for dorsiflexion (Calhoun et al., 1994) . They noted that inversion increases the medial facet contact area, and eversion increases the lateral facet contact area, in agreement with what was found in this study (see Tables 3 to 6 in the Appendix). Strains obtained from other than neutral position of the foot are shown in Tables 3 to 6 in the Appendix. Data appeared in these tables can be used to find qualitative relations between strain, contact area, and stress distributions. According to the strain gauges' data, and by comparing with the neutral position, when the foot moves towards plantar flexion, higher magnitudes of strains adjacent to the joint were shifted from medial, anterolateral, and lateral sides to posterolateral, posteromedial, and anteromedial sides of the joint (see Table 3 ).The mentioned strains were transferred from the medial and anteromedial to lateral, and anterolateral sides in dorsiflexion (see Table 4 ). Also, in inversion, higher strains were transferred from posteromedial to anteromedial region (see Table 5 ). Finally, this change was occurred from the medial and anteromedial to the lateral, anterolateral, posteromedial, and posterolateral regions in eversion (see Table 6 ) (see Figure 11 ). There were some limitations in this study, such as: the cadaver foot was cut from metatarsal bones because of some ethical constraints, thus metatarsal joints were excluded; and spongy bone, muscle and tendons were disregarded in the FE model. Since just static load on the ankle joint was utilised in this study, future research is better to consider dynamic loads in order to more realistically model the gait cycle or other dynamic activities. In future analyses, it is also better to include the effects of ligaments, tendons, and muscles, as they very likely play important roles in the stability of the ankle joint under dynamic loads. Notes: 1 (1st axis of the strain gauge); 2 (2nd axis, perpendicular to the 1st axis); 3 (3rd axis, makes an angle of 45° with respect to the 1st or 2nd axis) are the three elements of strain gauges. The principal and von Mises strains can be calculated using equations (1) to (3). Notes: ε 1 (1st axis of the strain gauge), ε 2 (2nd axis, perpendicular to the 1st axis), ε 3 (3rd axis, makes an angle of 45° with respect to the 1st or 2nd axis) are the three elements of strain gauges. The principal and von Mises strains can be calculated using equations (1) to (3).
Table 6
Strain gauge data from the experiment in eversion under 1,000 N of load (minus sign shows compressive loading) Notes: 1 (1st axis of the strain gauge); 2 (2nd axis, perpendicular to the 1st axis); 3 (3rd axis, makes an angle of 45° with respect to the 1st or 2nd axis) are the three elements of strain gauges. The principal and von Mises strains can be calculated using equations (1) to (3).
Experiment
